25 Cells respond to stress by remodeling their transcriptome through transcription and degradation. 26
combined and improved a method based on in vivo chemical crosslinking and affinity purification, 105 which we had previously used to identify regulators and protein components of P-bodies (Weidner Figure 1A) . We refer to this method as chemical Cross-108
Linking coupled to Affinity Purification (cCLAP). We have shown earlier that P-bodies in yeast are 109 in very close proximity to the endoplasmic reticulum (ER) and that they fractionate with ER 110 membranes (Kilchert et al., 2010; Weidner et al., 2014) . To explore the mRNA content of P-bodies, 111 either Dcp2p or Scd6p, which are part of the 5' and the 3'UTR-associated complex of P-bodies, 112 respectively, were chromosomally tagged with a His6-biotinylation sequence-His6 tandem tag 113 (HBH) (Tagwerker et al., 2006; Weidner et al., 2014) . P-bodies were either induced through 114 glucose starvation or through the addition of CaCl2 or NaCl. We chose CaCl2 as stressor because 115 secretory pathway mutants induce P-bodies through a Ca 2+ /calmodulin-dependent pathway, 116 which is mimicked by the addition of Ca 2+ to the medium (Kilchert et al., 2010) . Notably, this 117 induction pathway is different from the one employed by the cell upon glucose starvation. NaCl 118 was selected as an alternative hyperosmotic stress to determine whether different hyperosmotic 119 stresses would elicit the same or different responses. We chose formaldehyde as cross-linking 120 agent because it can be directly applied to the culture medium and is easily and rapidly 121 quenchable allowing precise cross-linking conditions without introducing any unwanted stress like 122 through centrifugation or medium changes prior to the cross-link reaction. Yeast cells were 123 exposed to stress for 10 min, cross-linked and, after lysis, P-bodies were purified from the 124 membrane fraction through the HBH-tag present on either Dcp2p or Scd6p. We chose to stress 125 the cells for only 10 min in order to exclude any contribution of SG, which are not present at this 126 (A) RNA-Seq library preparation workflow. Cells expressing Dcp2-HBH or Scd6-HBH were stressed for 10 min, followed by cross-linking with formaldehyde. After cell lysis, centrifugation was performed to enrich membrane fractions. Cross-linked complexes were subsequently purified via streptavidin affinity purification. mRNAs were isolated and ligated with adapters. cDNA libraries were prepared by reverse transcription and sequenced using single-read RNA-Seq. (B) Venn diagram illustrating the intersections among mRNAs enriched in P-bodies (p<0.05) under glucose depletion and osmotic stress conditions with Na + or Ca 2+ , relative to the no stress condition as determined by RNA-Seq. (C) Read coverage plots (average over five biological replicates) of RNA-Seq data mapped to P-body enriched genes under specific stress conditions. (D) Enrichment analysis of P-body associated genes under different stress conditions against Gene Ontology's (GO) biological processes (BP). Significantly enriched pathways (q-value <0.05) from hypergeometric tests are presented in a clustered heatmap. Rows and columns correspond to stress conditions and pathways, respectively, and the negative logarithms of q-values are color-coded from blue (low) to red (high). 7 time point (Kilchert et al., 2010) . Libraries for RNA-Seq were prepared in two ways: either using 127 PAGE purification with radiolabeled mRNAs or using a column-based purification method ( Table  128   S1 ). 129
Principal Component Analysis (PCA) performed on the read count profile for each 130 condition from the aligned RNA-Seq data of the five independent biological replicates generated 131 four clusters, corresponding perfectly to the three stress conditions plus the unstressed control 132 degree of reproducibility of our method. Given that we used two types of hyperosmotic stress, it 135
is not surprising that the Ca 2+ and Na + datasets cluster more closely than the ones derived from 136 glucose starvation conditions. Yet, being able to detect differences between the two osmotic 137 shock conditions further exemplifies the robustness of our approach. Therefore, cCLAP is a valid 138 method to determine the RNA content of RNPs. 139
The nature of P-body sequestered RNAs is stress-dependent 140
In total, we identified 1544 mRNAs statistically significantly enriched in P-bodies under glucose 141 depletion and Na + and Ca 2+ stresses, relative to the unstressed condition ( Figure 1B and Table  142 S2). While about 65% of the detected mRNAs were common between stresses, approximately 143 35% of the RNAs were specific to an individual stress ( Figure 1B ). Reads on stress-specific 144 targets were distributed over the entire length without any preferential accumulation or depletion 145 at the 5' or 3' UTRs as exemplified by the selected transcripts ( Figure 1C) . 146
If mRNA deposition in P-bodies was context-dependent, one would expect an enrichment 147 of mRNAs belonging to the same pathways/processes. To test this notion, we employed Gene 148
Ontology (GO) enrichment analysis (biological process) ( Figure 1D ). Consistent with the Venn 149 diagram ( Figure 1B ), a number of biological processes were shared by all three stress conditions, 150 yet many GO terms were specific to one particular stress, suggesting that mRNA sequestration 151 in P-bodies is, in general, context-dependent. For example, within the glucose specific set, we 152 found a group of processes related to mitochondrial oxidative phosphorylation (herein referred to 153 as mitochondria-related mRNAs). This group is of particular interest, as mitochondria respiration 154 genes are generally up-regulated upon glucose starvation (Wu et al., 2004) . Taken together, our 155 data suggest that a subset of mRNAs is sequestered in P-bodies in a stress-dependent manner. 156 mRNAs localize to P-bodies in a context-dependent manner 157
Thus far, we have shown that mRNAs can be cross-linked to P-body components in a stress-158 dependent manner. To demonstrate that these mRNAs indeed localize to P-bodies, we employed 159 fluorescence in situ hybridization coupled to immunofluorescence (FISH-IF; Figure 2A ). We used 160
Dcp2p as P-body marker for immunofluorescence. Since P-bodies exhibit a compact, dense are degraded in P-bodies (Sheth and Parker, 2003) , therefore any given mRNA may be detected 169 in P-bodies at any given time. Taken theses constraints into consideration, we set the threshold 170 at ≥ 1.5 fold enrichment over control mRNAs to determine P-body association. 171
We selected a set of mRNAs from each stress condition and determined their subcellular 172 localization. Upon glucose depletion, seven mRNAs including both non-mitochondria-related 173 (BSC1, TPI1, RLM1) and mitochondria-related (ATP11, ILM1, MRPL38, AIM2) groups, based on 174 the GO pathways, showed significant co-localization with P-bodies ( Figure 2B bodies is stress-specific, we repeated the FISH-IF under osmotic stresses for three mRNAs 177 ( Figure 2D ). None of them was significantly enriched in P-bodies under these stress conditions ( Figure 2E ). Similarly, we found mRNAs that were specifically enriched in P-bodies under a 179 unique osmotic condition but not under the other stresses (data not shown). We conclude that at 180 least a subset of mRNAs must be selected for -or spared from-transport to P-bodies in a context-181 dependent manner. 182
mRNAs experience divergent fates inside P-bodies 183
It has been proposed that mRNAs are not only decayed in P-bodies, but may be stored there and 184 re-enter translation after stress subsides . We found mRNAs that were 185 potentially excellent candidates for being stored in P-bodies. The mitochondria-related genes 186
were transcriptionally up-regulated following glucose starvation ( Group I and stability of mRNAs within P-bodies depend on individual properties, and that mRNAs acting 205 in the same process might be co-regulated. 206
Next, we asked whether the fate of an mRNA has an impact on its translation product. 207
Therefore, we assessed the protein level of Tpi1p and Rlm1 (Group I) as well as Atp11p and 208
Mrpl38p (Group II) upon glucose depletion over time ( Figure 3C ). Consistent with the changes in 209 mRNA levels, Group I protein levels dropped, while the Group II protein levels remained stable or 210 increased over the glucose starvation time course. Our results reveal distinct and separable roles 211 of P-bodies in regulating mRNA stabilities. On one hand, P-bodies contain transcripts undergoing 212 decay in an individually regulated time-dependent manner. On the other hand, another group of 213 mRNAs, whose protein product contributes to stress response, are protected by P-bodies. 214
Puf5p contributes to both recruitment and decay of P-body mRNAs 215
Next, we aimed to record the transport of mRNAs into P-bodies by live-cell imaging using the well- of ATP11 to be protected in P-bodies in Δpuf5, we determined the ATP11 mRNA levels. Indeed, 239 ATP11 mRNA levels declined, when no longer associated with P-bodies ( Figure 4C ). These data 240 confirm that ATP11 mRNA is protected in P-bodies from decay. 241
Conversely, the localization of BSC1 mRNA to P-bodies was not altered in cells lacking 242
Puf5p and the mRNA seemed to be stabilized to a certain degree, consistent with Puf5p's role in 243 mRNA decay (Goldstrohm et al., 2006) . Recent data suggest that Puf5p binds to both BSC1 and 244 TPI1 mRNA, but not to any of the candidates of Group II (Wilinski et al., 2015) . In contrast, ATP11 245 has been reported to be a target of Puf3p (Gerber et al., 2004) . However, in ∆puf3 neither the 246 localization to P-bodies nor ATP11 stability was affected, suggesting Puf3p is presumably not 247 essential for P-body related ATP11 regulation upon glucose deprevation (Figure 4 Figure 4D ). Both Puf3p and Puf5p, but not BSA 252 bound the ATP11 3'UTR, albeit the Puf5p binding affinity being much weaker. Neither ATP11 nor 253 any of the other Group II mRNAs tested, contains a recognizable Puf5-binding sequence, 254
indicating the presence of a non-canonical binding site. Our data suggest that Puf5p directly 255 controls BSC1 and ATP11 mRNA stability and ATP11 mRNA localization. 256
The 3'UTR is necessary but not sufficient for mRNA targeting to P-bodies 257
Considering that the 3'UTR of mRNAs contains most regulatory elements, which often have an 258 important role in determining mRNA localization (Andreassi and Riccio, 2009; Vuppalanchi et al., 259 2010), we next investigated whether 3'UTRs play a role in mRNA targeting to P-bodies. We 260 replaced the endogenous 3'UTR of BSC1 and ATP11 with the 3'UTR of K. lactis TRP1 (klTRP1) 261
and examined the localization of the chimera by FISH-IF after glucose starvation ( Figure 5A) . 262
Replacing the 3'UTR abolished recruitment of both mRNAs to P-bodies ( Figure 5B, 5C) , 263
suggesting that even though the localization signal must be different between ATP11 and BSC1, 264 the necessary sequences are present in the 3'UTR. Consistent with the mislocalization, BSC1 265 and ATP11 transcripts were stabilized and degraded, respectively ( Figure 5D ). The destabilization 266 of the ATP11 mRNA is also reflected in the reduction of Atp11p protein levels under the same 267 conditions. Thus, the 3'UTR is essential for the fate and P-body localization under glucose 268 starvation for both transcripts. 269
Since the 3'UTR was essential for both mRNAs, we investigated whether common primary 270 sequence motifs between all mRNAs, which were specifically enriched in P-bodies under a unique 271 stress, exist using the MEME Suite (Bailey et al., 2009 ). Probably not so unexpected, we did not 272 find any significant primary sequence conservations or enrichment, of any particular motif. Next, 273
we clustered stress-dependent P-body mRNAs based on secondary structures within the 3'UTR 274 using NoFold (Middleton and Kim, 2014) . In comparison to non-candidate mRNAs, each stress-275 specific candidate set contained 10-20 clusters of transcripts that were differentially enriched in 276 certain structure motifs (Table S2) are essential, they are not sufficient by themselves to drive mRNA transport into P-bodies. Most 290 likely other elements in the coding sequence and/or 5'UTR act cooperatively. 291
Overexpression of ATP11 rescues the glycogen accumulation deficiency in ∆puf5 cells 292
Finally, we asked whether the stabilization of ATP11 mRNA by Puf5p is beneficial for the cell. 293
Puf5 promotes chronological lifespan (Stewart et al., 2007) , which is dependent on the 294 accumulation of carbohydrates such as glycogen (Cao et al., 2016) . Likewise, a ∆atp11 strain 295 showed decreased glycogen accumulation (Wilson et al., 2002) . Therefore, we asked whether 296
Atp11p levels would contribute to the Puf5p ability to promote lifespan and stained for glycogen 297 when cells reached stationary phase. As expected ∆atp11 and ∆puf5 failed to efficiently 298 accumulate glycogen as indicated by the absence of the brown color ( Figure 5F ). Importantly 299 overexpression of ATP11 in the ∆puf5 strain was sufficient to restore glycogen accumulation, 300
suggesting that the stabilization of ATP11 mRNA by Puf5p contributes to Puf5p's positive effect 301 on chronological lifespan. The fate of mRNAs and its regulation under different stress conditions is still not well understood. 308 mRNAs have been proposed to be either associated with ribosomes or stored/decayed in P-309 bodies and SG. Here we demonstrate that the content and the fate of mRNA in P-bodies is stress-310 dependent, varying from decay to stabilization. We furthermore provide evidence that different 311 mRNA classes use different mechanisms to be P-body localized. The localization and fate of 312 these mRNAs are dependent on interactions with RNA binding proteins such as Puf5p and 313 essential information present in the 3'UTR of the mRNA. 314
To enable this analysis, we first devised a method to enrich RNPs based on in vivo 315 chemical cross-linking followed by streptavidin affinity purification. This method allows the 316 identification and global analysis of P-body associated mRNAs. We previously used a similar 317 approach to successfully discover a novel exomer-dependent cargo (Ritz et al., 2014 ) and a novel 318 facultative P-body component (Weidner et al., 2014) . We improved the procedure permitting the 319 reliable enrichment and detection of mRNAs associated with P-bodies under a variety of stress 320 conditions. Moreover, our method works regardless of poly(A) tail length or partial transcript 321 degradation, and hence could be applied for the identification of many types of RNAs. Moreover, 322 this method would also be applicable to study protein-DNA interactions. 323
We mostly concentrated our further analysis on hits from the glucose starvation 324 experiments but it is very likely that these findings can be generalized to other stresses. We 325 identified three classes of mRNAs in P-bodies. The first class consists of mRNAs that are 326 generally deposited into P-bodies, independent of the stressor. We did not investigate their fate 327 further in this study, but we assume that most of those transcripts would be prone to decay. The 328 second class contains mRNAs that are stressor-dependent and decayed. It is important to note 329 that the decay rate of mRNAs in this class is very variable and could represent an intrinsic property 330 of the mRNA or a subset of mRNAs. Some transcripts will be decayed almost immediately after 331 15 arrival in P-bodies, while others are initially excluded from degradation. The kinetics of decay also 332 appears to vary, indicating that even within P-bodies the degradation of client RNAs is highly 333 regulated. Finally, the third class corresponds to mRNAs that are also stress-specific, but 334 stabilized, rather than degraded. It appears as if this class is enriched in transcripts whose 335 products would be beneficial for stress survival. This hypothesis is based on the stabilization of 336 Our approach is different in that we enrich first for P-bodies and then extract the RNA specifically 344 from the P-body fraction. Therefore, our data provide an unprecedented wealth of information on 345 the mRNA content and fate within P-bodies. 346
Since the fate of an mRNA is stressor-dependent, it is tempting to speculate that the 347 different mRNA classes are recruited to P-bodies through different pathways. In support of this 348 hypothesis, we identified the RNA binding protein Puf5p as a protein regulating both the 349 localization of on transcript as well as the degradation of another ( Figure 6 ). The latter function is 350 easily explained by the established role of Puf5p as interactor of the Crr4/Not deadenylation 351 complex, which shortens the poly(A)-tail independent of the subsequent route of destruction 352 through P-bodies or exosomes (Balagopal et al., 2012) . In fact, BSC1 mRNA was recently 353 identified as Puf5p target (Wilinski et al., 2015) . In the absence of Puf5p, ATP11 is no longer P-354 body localized and is destabilized. Hence, in this case P-bodies protect an mRNA from 355 degradation in a Puf5p-dependent manner. It is striking, however, that Puf5p possesses this dual 356 The notion that mRNAs are decayed in P-bodies was recently challenged (Pelechano et 359 al., 2015; Sweet et al., 2012) . Instead, it was suggested that decay might mostly happen co-360 translationally. We cannot exclude that a part of the RNAs is degraded co-translationally, since 361 the decay machinery in both processes appears to be identical. In favor of mRNA decay in P-362 bodies, we confirmed hits from the biochemical enrichment procedure by in vivo localization 363 studies. We found that P-body-localized mRNAs were degraded with different kinetics. Moreover, 364
we would expect to find significantly higher sequence coverage of the 3' region of candidate 365 mRNAs, which we did not observe. Also, the fate -stabilization versus degradation-of BSC1 in a 366
Puf5p-dependent manner, which was not accompanied by modulating P-body localization, is in 367 support of P-body as decay compartment. Thus, our data are consistent with mRNA degradation 368 in P-bodies under stress conditions. In contrast, ATP11 may become a co-translational 369 degradation target in the absence of Puf5p. However co-translational mRNA decay might still be 370 a major pathway in non-stressed cells, in which microscopically P-bodies are not frequently 371 detected. At least the 5' decay machinery, the helicase Dhh1p and the 5'exonuclease Xrn1p have 372 been found to be associated with polysomes also in the absence of a stressor (Pelechano et al., 373 2015; Sweet et al., 2012; Weidner et al., 2014) . 374
Our findings demonstrate that P-body associated mRNA can follow different fates, namely 375 decay or stabilization. Whether these two functions are performed by the same or different P-376 bodies remains unclear. We favor the possibility, however, that both functions can be provided by 377 the same P-body. Recent data from Drosophila sponge bodies, which are the equivalent of P-378 bodies in embryos, suggest that the degradation and decay may happen in the same 379 compartment (Weil et al., 2012) . Likewise, there is no evidence thus far for differential protein 380 composition of P-bodies formed under the same stress condition (Kulkarni et al., 2010) . Although, 381 it is possible that the transient protein components may vary from one another, we expect the 382 major factors would be discriminative to fulfill opposing functions and mRNA selectivity. 383
Stabilized mRNAs may return into the translation competent pool. Whether this re-initiation 384 would be through diffusion of the mRNA from the P-body into the cytoplasm or through another 385 organelle, such as stress granules (SG), remains to be established. SGs harbor stalled translation 386 initiation complexes, whose formation can also be triggered upon a variety of stresses. 
Materials and Methods 408

Yeast strains and growth conditions 409
Standard genetic techniques were employed throughout (Sherman, 1991) . Unless otherwise 410 noted, all genetic modifications were carried out chromosomally. Chromosomal tagging and 411 deletions were performed as described (Janke et al., 2004; Knop et al., 1999) . For C-terminal 412 tagging with 3xHA, the plasmid pYM-3HA (klTRP1) and with 9xmyc the plasmid pOM20 (kanMX6) 413 and pSH47 (URA3) were used. The use of pOM plasmids (Gauss et al., 2005) in combination 414
with Cre recombinase allowed C-terminal chromosomal tagging and preservation of the 415 endogenous 3'UTR at the same time. The plasmid pFA6a-natNT2 was used for construction of 416 all deletion strains, except for Δpuf3 (pUG73), ∆atp11 and ∆bsc1 (pUG72). 3'UTR transplantation 417 experiments were carried out with the Delitto Perfetto method using the pCORE plasmid 418 (kanMX4-URA3) (Storici and Resnick, 2006) . Table S3 and S4. 428
Unless otherwise noted, yeast cells were grown in YPD (1% yeast extract, 2% peptone, 429 2% dextrose) at 30˚C. For glucose deprivation, cultures were further grown in YP media without 430 dextrose for indicated times. For mild osmotic stress, YPD growth medium was supplemented 431 with 0.5 M NaCl or 0.2 M CaCl2 for indicated times. Yeast cells were harvested at mid-log phase 432 (OD600 of 0.4-0.8). 433
Chemical cross-linking coupled to affinity Purification (cCLAP) and preparation of RNA-434
Seq samples 435
The cCLAP was carried out according to Tagwerker England Biolabs). To purify RNA, proteins were digested using 1.2 mg/ml proteinase K (Roche) 447 in 2 x proteinase K buffer (100 mM Tris-HCl pH 7.5, 200 mM NaCl, 2 mM EDTA, 1% SDS) for 448 30 min at 55˚C. The RNA was subsequently isolated using phenol-chloroform-isoamyl alcohol 449 (125:24:1) (Sigma-Aldrich) as described (Schmitt et al., 1990) . Purified RNA was subjected to 3' 450 and 5' adapter ligation following Illumina's TruSeq Small RNA Library Prep Guide. To reduce the 451 rRNA species, RiboMinus transcriptome isolation kit (Invitrogen) was used according to the 452 manufacturer's protocol. Reverse transcription using SuperScript III reverse transcriptase 453 (Invitrogen), oligo-dT and random hexamer was performed afterwards. The cDNA libraries were 454 generated by a final PCR amplification step with llumina indexing primer (RPI1-4, Table S2 ). 455
In this study, five library sets (from five biological replicates) were sequenced. Except the first 456 library set, all the libraries were generated as described above. In the first library set, the 457 radiolabeling step was omitted and the PAGE purification steps were replaced by column-based 458 purification with RNeasy kit (Qiagen), according to the manufacturer's instruction. 459
Processing of small RNA-Seq reads 460
RNA-Seq libraries were sequenced on Illumina HiSeq2000 with single read to 50 bp reads. We 461 clipped adapters and trimmed low quality bases using Trimmomatic version 0.30 (Bolger et (Table S5 ). We identified 474 significant (p<0.05) upregulated mRNAs exclusive for each stress condition by testing each 475 individual stress condition against the wild type condition and removing those mRNAs that were 476 identified as common hits when testing the joint set of stress conditions against unstressed control. 477
For glucose depletion stress, we additionally excluded genes previously shown to be significantly 478 enriched in polysomes (Arribere et al., 2011) for the same stress. 479
Gene Ontology (GO) term enrichment analysis 480
P-body enriched mRNAs for each stress condition were tested for GO biological processes (BP) 481 enrichment using hypergeometric tests as implemented in the hyperGTest function from the 482 GOstats R/Bioconductor package version 1.7.4. The mRNA universe was defined for each stress 483 condition as the set of mRNAs with a mean expression over all replicates larger than or equal to 484 the first quartile. For GO term mRNA annotation, the R/Bioconductor package org.Sc.sgd.db 485
